miscibility of PVDF/SAN (acrylonitrile content = 26 wt%) blends, lamellar thickness, the crystallinity and the hydrophilicity of PVDF depended on the content of SAN, and only α-phase PVDF was obtained from the melt crystallization [15] . In this work, the solution casting method was used to prepare the PVDF/SAN blend with an acrylonitrile content of 33 wt% in solvent N,N-dimethylformamide (DMF). The effects of adding SAN on the crystallization behavior and crystal structure of PVDF was studied. Differential scanning calorimetry (DSC) was used to study the crystallization behaviors of PVDF in the blend. The crystal structures and forms were determined by wide angle Xray diffraction (WAXD) and Fourier transform infrared spectroscopy (FTIR). . SAN (acrylonitrile content is 33 wt%) was purchased from Zhenjiang Guoheng Chemical Co., Ltd (China). DMF was obtained from Sinopharm Chemical Reagent Co., Ltd (China). All the chemicals are used as received.
Experimental

Film preparation
Homogeneous solutions were obtained by dissolving the blends with different PVDF content (100, 90, 80, 70, 50, 20 and 0 wt%) in DMF at 50°C. The initial polymer concentration of the solution was 5 wt%. After evaporation of the solvent for 24 h at 50°C in a vacuum oven, the films were peeled from the glass substrates. The melt blending of PVDF/ SAN was prepared at 180°C using a torque rheogoniometer (Shanghai Kechuang Machinery XSS-300, China) with the rotor speed of 60 r/min for 5 min and with different PVDF content (100, 90, 80, 70, 50, 20 and 0 wt%).
Characterization techniques
FTIR spectroscopy was performed using spectrometer (Vector-22, Bruker, Germany) with a nominal resolution of 4 cm -1 at 32 scans. The content of β-phase was characterized by the absorbance ratio A β of the FTIR absorption peaks at 839 cm -1 and peaks at 2980 cm -1 as Equation (1): (1) where A 839 represented the FTIR absorbance peak height at 839 cm -1 , characteristic of β-phase. The absorbance peak height at 2980 cm -1 (independent on the crystalline phase of PVDF [16] and SAN contents) was regarded as constant. DSC was conducted using a TA Instruments Q-200 (USA) under a dry nitrogen atmosphere. The sample (10 mg) was first heated from room-temperature to 200°C at a rate of 10°C/min and kept at this temperature for 3 min to eliminate thermal history, followed by the scan to 0°C at a cooling rate of 5°C/min, finally a heating rate of 10°C/min to 200°C. The degree of crystallinity X c was evaluated according to Equation (2) [17] : (2) where ΔH f was the endothermic heat during the melting process and ΔH * f was the heat fusion of a perfect crystal, taken as 104.5 J/g [18] for PVDF. φ was the weight fraction of PVDF in the blend. WAXD was done in a Shimadzu XRD-6000 diffractometer (Japan) with the current of 30 mA, the accelerating voltage of 40 kV, and the scanning velocity of 4°/min with 0.04° steps over the 2θ ranged from 5~50° using Cu-K α radiation. For further analysis, the interplanar spacing d and the lamellar thickness L were calculated according to Equations (3) and (4) [19] :
where λ is the wavelength of the X-ray, taken as 0.1542 nm; θ is the half of the scanning angle; k is Scherrer constant, taken as 1; and ϕ is the full width at half maximum (FWHM) of the diffraction peak.
3. Results and discussion 3.1. FTIR FTIR spectra of two major phases (α-and β-phases) of PVDF has been under intensive investigation recently [20] [21] [22] . Vibrational bands at around 530 cm -1 (CF 2 bending), 615 and 765 cm -1 (CF 2 bending and skeletal bending) and 795 cm -1 (CH 2 rocking) refer to α-phase. Vibrational bands at around 510 cm -1 (CF 2 bending) and 839 cm -1 (CH 2 rocking) correspond to β-phase [16, 23] . Figure 1 shows the FTIR spectra of PVDF blends with different weight fractions of SAN (PVDF/ SAN: a) 100/0; b) 90/10; c) 80/20; d) 70/30; e) 50/50; f) 20/80; g) 0/100) crystallized in DMF at 50°C. For PVDF, 3020 and 2980 cm -1 were attributed to the symmetrical and asymmetrical stretching vibration of CH 2 [16, 24] . For SAN, two peaks at 2930 and 2850 cm -1 corresponded to the CH 2 vibration. The vibration of C≡N band of SAN appeared at 2237 cm -1 [25] . The existence of styrene segment in the blends was represented by the aromatic C-H stretching at around 3010-3100 cm -1 , the out-of-plane hydrogen vibration at the 759 cm -1 , and the benzene ring C=C out-ofplane bending at 699 cm -1 [25, 26] . For PVDF as prepared, there also existed weak absorption peaks at 530, 613 and 763 cm -1 corresponded to α-phase. However, the absorption peaks at 530 and 763 cm -1 were overlapped with other absorption peaks from SAN when SAN content was increased over 20 wt%. Thus, the detailed crystal forms seemed unobservable from the FTIR spectra when SAN content increased. In Figure 2 , we employed an index A β to detect the crystal forms of PVDF with solution-blended SAN. According to Figure 2 , it was obvious that the content of β-phase of PVDF has a tendency to decrease with the increasing content of SAN. However, there also was a possibility: the whole degree of crystallinity of PVDF decreased with the increasing content of SAN, so that the decrease of β-phase happened. Considering this hypothesis, we divided A β by X c from Table 1 (later in chapter 3.2). It was also supporting the conclusion that blended SAN could decrease the content of β-phase of PVDF. In solution crystallization, dipoles of the mixtures had important effects on the crystallization of PVDF in the solution. The stronger dipolar interactions between PVDF and DMF might induce the trans conformation packing of CH 2 -CF 2 dipoles of β-phase [27] . Mixtures with lower dipole moment resulted in the nonpolar α-phase [28] . Figure 3 is a schematic presentation of PVDF/PAN/DMF phase diagram which demonstrates that PAN and PVDF belong to partially miscible systems by adding small amount of PVDF or PAN into the solution [29] . SAN is a copolymer of styrene and acrylonitrile comonomer. The nonpolar styrene segment in SAN copolymer further reduces the homogenous and partially miscible zones. However, this nonpolar styrene also reduces the number of dipoles in the mixtures which favors the formation the nonpolar α-phase [28] . As used SAN has 33 wt% AN, in the sample of 10 wt% SAN blended PVDF mixture, there is 3.3 wt% AN which might have good miscibility with PVDF. So that nonpolar styrene around acrylonitrile comonomer has more effect on the crystallization of PVDF. In Figure 2 , the observation that A β has an abrupt decrease for 10 wt% SAN blended PVDF mixture could be interpreted by the above analysis. Table 1 . As shown in Figure 4 , when SAN content exceeded 50 wt%, glass transition temperature of SAN (T g , SAN ) became discernable. The glass transition temperature of PVDF was -39°C [30] . The glass transition temperature of SAN was 86.6°C in Table 1 . For the sample of PVDF/SAN = 20/80, the small content of PVDF also made the system partially miscible according to Figure 3 , so that the T g,SAN decreased to 81.6°C; but for sample of PVDF/SAN = 50/50, miscibility decreased so that the T g,SAN had a relative increase to be 84.2°C compared with the sample of PVDF/SAN = 20/80. For pure PVDF crystallized from 5 wt% DMF solution, the single melting peak at about 169.6°C can be attributed to the melting of β-phase with small amounts of α-phase [7, 23, 31, 32] . As SAN content increased in the blends, the melting enthalpy and melting point decreased. In Table 1 , the influence of SAN component on PVDF crystallization was decreasing the onset of melting temperature (T m on ), the final melting temperature (T m f ) and the peak melting temperature (T m p ). Small amount of SAN of 10 wt% did not show any effect on the crystallinity of PVDF. When SAN exceeded 20 wt%, it decreased X c by about 4-5%. The crystallinity of PVDF had the tendency to decrease with increase of SAN content in the blends. However, the lower acrylonitrile content based PVDF/SAN (D-178, acrylonitrile content = 26 wt%) is a partially miscible system [15] . In this work, the higher acrylonitrile units in SAN (D-168, acrylonitrile content = 33 wt%) result in worse miscibility. In addition, the low concentration (5 wt%) solution, Figure 5 . The detailed data derived from Figure 5 were listed in Table 2 . These PVDF/SAN blends were prepared by melt molding as in our previous work [15] .
DSC
For pure SAN by melt molding, T g,SAN was 109.3°C. For sample of PVDF/SAN = 80/20 by melt molding, T g,SAN was 111.2°C. As PVDF content increased, T g,SAN had an obvious increase. This situation is contrast to that obtained by solution casting. A reasonable explanation should consider the incorporation of SAN into inter spacing of PVDF lamellae, which was similar to the PVDF/ PMMA system [9] . When PVDF/SAN blends were prepared by casting from 5 wt% DMF solution, viscosity was low and PVDF molecular chains had mobility to retreat from the SAN's embrace; however, when PVDF/SAN blends were prepared by melt molding, viscosity was high and PVDF molecular chains had less mobility to crystallize despite of the exit of SAN. So with decreasing of SAN content, the ratio of incorporated PVDF increased and the T g,SAN increased. Besides, T g,SAN by solution casting was much lower than T g,SAN by melt molding, which might be attributed to the entanglement which has been intensively studied [33, 34] . In Table 2 , the addition of SAN did not show obvious effect on the melting temperatures of PVDF until SAN exceeded 20 wt%, which resulted in similar ΔT m = T m f -T m on . However, the crystallinity X c of PVDF crystallized from the melt increases from 41.58 to 47.41% by a little incorporation of SAN (≤10 wt%). And at higher addition, it is reduced. The change of X c in Table 2 could also be explained based on the hypothesis of incorporation of SAN into inter spacing of PVDF lamellae. The partially miscible SAN had mobility when PVDF began to crystallize before 111.2°C. In other words, SAN could be the diluent when PVDF began to crystallize, especially SAN was small amount of the blends because of the above-mentioned reason. Therefore, the crystallinity of PVDF in blends in Table 2 were mostly higher that that of the pure 
WAXD
The wide angle X-ray diffraction of PVDF/SAN blends are shown in Figure 6 . The diffraction peak at 2θ of about 20.5° is corresponding to the (110) and (200) combined reflections of the β-form [23, 35] and the small peak at about 40° is assigned to the combined reflections of (201) and (111) planes of the β-phase [36] . It is demonstrated that all the solution cast samples, regardless of the various SAN weight fractions in the blend, present predominantly the β-phase. The two peaks here both decreased their intensity when the SAN was added, especially for the peak at 2θ of about 40°, when the content of SAN was larger than 20 wt%, it even disappeared. WAXD results further confirm that the addition of SAN hinders the crystallization of PVDF. According to the FTIR results, solution crystallized samples with a little incorporation of SAN (≤10 wt%) presents β-phase with a small amount of α-phase, but it is so little that it can just be detected by FTIR measurement. WAXD result demonstrates that β-phase of PVDF is present predominantly in solution crystallized samples. Detailed data of WAXD are listed in Table 3 . As shown in Table 3 , there was no distinct change for d value between the different samples, i.e., the lattices parameter of the β-phase was not affected by SAN. All the observed L values were higher than that of the neat PVDF. The results were similar to those obtained from PVDF/PMMA blend [9] . In the miscible binary blend system including crystalline and non-crystalline component, the noncrystalline component can be sandwiched in the regions between lamella; that is the lamellar thickness L increases as the non-crystalline polymer composition increases [9, 37] .
Conclusions
In this study, FTIR, DSC and WAXD were used to characterize the effect of solution-blended SAN with acrylonitrile content 33 wt% on the crystallization of PVDF. By FTIR, typical 510 and 839 cm -1 was corresponded to the β-phase of PVDF in the PVDF/SAN blends. There also existed weak absorption peaks at 530, 613 and 763 cm -1 corresponding to α-phase. Blended SAN could decrease the content of β-phase of PVDF from the index A β /X c . Nonpolar styrene reduced the dipoles of the mixtures which favored the formation the nonpolar α-phase. Through the DSC analysis, the smaller content of PVDF made the system more miscible so that the T g,SAN of pure SAN decreased 
